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I. Introduction
A. The Problem and Its Importance
As knowledge of man's physical environment is improved, the relative lack
of information about the seas around us becomes ever more important. We
actually know far more about the moon's surface than we do about the waters
beneath the surface of the ocean.
The knowledge, however, of the condition of the water around us is con-
tinually shown to be vital. Recreation, fisheries, transport, fresh water
utilization; all these are threatened by various form_ of pollution of the
waters, as depicted in Fig. I.l. To cope with this situation, accurate
measurements of various water parameters must be provided. Although gross
indications of major ocean currents and water masses are known, there has
been until very recently virtually no continuous source of information about
even such elementary quantities as sound velocity, temperature, salinity and
turbidity. Without a knowledge of these basic building blocks of any theory,
we shall find it difficult to proceed in our conquest of the water surface of the
earth, which comprises more than three Fourths of its surface. Very recently,
it has become possible through the methods of remote sensing to obtain some
of the needed data. By measuring the infrared emission from the water, the
surface temperature may be continuously determined. The water surface radiates
infrared energy very nearly like a black body (a perfect absorber). The inten-
sity of this radiation at a wavelength of lO micrometers can be related to the
sea surface temoerat_re. However, infrared emission of this wavelength can only
be used for temperature measurements of the upper few hundredths of a millimeter
of the water, since water is extremely opaque to radiation of this frequency.
ften, the temperature of this upper skin is not really representative of
the body temperature of a body of water. This is because the processes by whicn
water loses its heat occur in the upper tenth of a millimeter or less in_nediately
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FIGURE I.l
below the surface. Theseprocesses include radiation, evaporation and con-
duction. The result is that, unless there is violent mixing induced by a
strong wind, the upper skin of the sea maybe a degree centigrade or even
morecooler than the water just below._ It is this lower temoerature that
is measuredby ordinary infrareo remote sensing, so that a true picture is
not obtained.
In addition manyproblems in oceanographyrequire data not only from
the surface but from deeper layers in the ocean. Tyoical of these prob-
lems is the question of survival of life in the neighborhoodof a fossil
or nuclear powerplant cooling canal outfall. Here, for example, if the
deeperwaters remain tolerably cool, the damageis minimized, while if the
water becomes too hot all the way to the bottom the result is catastrophic
Another important piece of data is the existence of a region of rapid change
in temperature beneath the surface. Such layer_ are common in the sea and
cause problems in acoustic transmission, since they bend or reflect sound
waves; their detection is often important, especially in military applications.
As present, the only way to measure the subsurface temperature at depth
is to introduce thermometers directly into the water to the desired levels.
Such methods are expensive, time-consuming, or do not provide the continuous
picture that remote sensing could provide of the surface. It would be very
valuable, therefore, to be able to provide remote sensing of the ocean
parameters at various depths. The methods described here will provide con-
tinuous information on temperature, salinity, sound velocity and backscatter
turbidity without directly introducing devices into the ocean. Ultimately
remote sensing may be carried out from an aircraft, initially, however, the
measurements will be made from a platform such as a dock or a ship on the
water surface. Other important oceanographic parameters to be measured
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include salinity, turbidity and the velocity of sound. These parameters are
depicted in Fig. h2, with representative curves for the principal subjects of
this report, temperature, turbidity, and salinity. Note that each parameter is
determined as a function of the depth, h. In addition, information on total
depth and the sea surface may be obtained.
These quantities are measured at present by relatively slow and tedious
methods. The classical proQedure involves the use of Nansen bottles, as shown
schematically in Fig. 1.3. A cable is lowered with a h+gh capacity winch,
and the Nansen bottles are attached by a technician standing on a grating sus-
pended over the sea. Each bottle is equipped with a thermometer, a pressure-
sensing device, and stoppers. When all the bottles are in position, a messenger
weight is dropped down the wire. The weight strikes a trigger on the first (top)
bottle which closes the bottle, activates the pressure sensor and the thermometer,
and releases a second messenger weight which falls to the next bottle, and the
process repeats until all the bottles are closed. The string of bottles is then
raised by the winch and each bottle removed as it passes the grating. The tem-
perature and pressure sensors are read and the bottle is emptied into a flask
which is stored until analysis in the laboratory (for turbidity and salinity,
for example) can be performed. This is a time-consuming process. For the
measurement depicted (samples each 5 meters for a depth of _0 meters), approx-
imately one hour would be required for the station. The ship must, of course,
be held as motionless as possible during the operation.
A more modern and rapid method of obtaining the oceanographic data is by
the use of temperature, pressure, salinity and turbidity sensors which measure
these qualities electrically, transmitting the information to the surface
continually via a suspension cable, which carries insulated electric wires in
its core, see Fig. I.a. This method is far more raoid than the _lansen bottles
for the same deoth a_ before, oerhaps only 15 minutes is necessary for each
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station, not countin_ the time to stop the ship. The measurements,however,
are not simultaneous, since the sensors must be mechanically raised or lowered
betweeneach depth. Again, however, the ship must be held strictly stationary
during each series of measurements. The process of _lowing and stopping a
ship is very time-consuming, in many cases taking almost as much time as the
actual making of observations.
B. Advantages of Our Proposed System.
Our method, first described in detail at the Symposium: "Remote Sensing
Applied to Energy.-Related Problems", Miami, Florida, December 197_ and
reproduced in the Proceedings, is far more rapid. I_ utilizes a laser beam
to probe the sea, and the measurement is essentially carried out at the
velocity of _ight in water, 0.75 c. As is sho_vn in Figure 1.5, in this
method a laser beam is projected downward into the water. Return light is
received, and the information contained is computer-processed to obtain the
spee_ of sound, temperature, turbidity, and salinity, dll as a Function of
depth. The ship need no_ stop at all, even during measurements. This makes
the new method very much faster than any previously used procedure. In five
minutes, for example, a ship steaming at a steady speed of 7 knots can make
_50 measurements (one each 2 seconds), with a separation of about 7 meters
between each observation. Such a series with the sensors would require at least
15 minutes per sourding, assuming lO meter depth, or about 35 hours, and with
bottles considerably more!
In addition, the proposed method, as we will show, can be adapted to making
airborne measurements, in this case the saving in time is further extended
so that rapid simultaneous surveys will be possible, which at present are far
beyond the range of practicability.
As an example of the kind of problem that could be studie_ w_th
a system of this kind would be the three-dimensional behavior of an estuary
under conditions of tidal flow. Tides change each six hours in typical U.S.
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East Coast estuaries, and maximum currents and slack conditions often last for
a very short time_ (a few minutes in many cases). A three-dimensional grid
of aircraft observations of temperature salinity and turbidity can then be
compared to three-dimensional theoretical models such as that developed in
NASA Project NASI0-8740, "The Application of Remote Sensing to Detecting
Thermal Pollution", University of Miami, Coral Gables, Florida, 1974 to date.
In this way our knowledge of oceanographic parameters in a given dynamic
situation will be increased many-fold. It would, therefore, seem that a quan-
tum jump in understanding of the dynamics of zhe sea could result from the
application of this method.
C. Summary of Feasibility Study.
Any proposed method, no matter how attractive in theory, must be studied
in detail before too much time and money is lavished upon it in order to see
if it is feasible at all. Accordingly a Feasibility Study was made by our
Laboratory, which was reported in the NASA CR-139184 document z dated January
1975 mentioned above.
This study examined whether there was enough intensity in the r_turned
scattering from the sea to make measurements of the parameters, turbidity,
salinity, and temperature. Using information theory, this data was then
expressed in terms of accuracy obtainable in a given time of observation.
To obtain information from layers beneath the surface, it is necessary
to use radiation for which the sea is transparent. The band of electromagnetic
radiation which penetrates _est into seawater lies be_aeen 0.¢8 and 0.55
micrometers, or between 4800 and 5500 Angstroms*. It is, therefore, proposed
*One Angstrom equa?s ]Q-_0 meter.
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to project a beam of light this wavelength into the sea and to use it
to probe the deeper layers for information on oceanographic parameters, par-
ticularly temperature, salinity and turbidity. Either of two methods can
be used. A light source constant in time can be projected downward while
a collimated detector system some distance away is used to vary the position
in depth of the scattering received. This is the bistatic system which,
being the simplest, will be the first investigated experimentally. An
alternate system employs colinear source and receiver beams; here the depth
information is obtained by means of the time delay between projected and
received signals, analogous to radar and Iidar. For this purpose, rapid
modulation of a continuous light or short pulses of light (of the order of a
few nanoseconds) are necessary in order to provide meaningful depth infor-
mation. A moderately powerful light source is also required so that measure-
ments may be made to as great a depth as possible. Finally, the temperature
and salinity information is contained in small changes in wavelength of the
light returned from the sea, so that the light source used must have a narrow
wavelength spread. All these requirements can be satisfied by the use of a
laser. The laser will be mounted on a ship or aircraft and will project its
light downward into the sea. Returning light scattered in a backward direc-
tion by the sea will be detected and analyzed with respect to time, intensity,
polarization and wavelength. This information will in turn be recorded and
processed to yield the desired parameters as a function of depth. The system
is shown schematically in Fig.I.6.
In order to measure the parameters the evaluation of light scattered by
a number of processes is necessary.
I. Scattered light from a laser beam:
a) Tyndall and Mie scattering: Here the wavelength of the incident
light is unchanged. The intensity is, in general, proportional to the density of
II
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particles suspended in the water. These forms of scattering give rise to
cloudiness or turbidity which is the phenomenon that interferes with the
clarity of the water. The amount of scattering depends on angle, but for
most situations of interest a single measurement at a particular angle can
be used. Here we propose a normalization _unction to correlate measurements
made at different an_les.
b) Rayleigh scattering: This occurs in clear water and is analogous
to the molecular scattering in the atmosphere that gives rise to the blue
color of the sky. The intensity of Rayleigh scattering is usually much less
than Tyndall scattering, and its intensity is a known function of tempera-
ture and can be predicted. In general, Rayleigh scattering will be of no
direct use to us, but because it can be predicted and is very faint, it will
not interfere with our measurements.
c) Brillouin scattering: Photons in the incident light react with
phonons in the liquid to produce wavelength-shifted light, where the shift
is proportional to the velocity of sound in the liquid. The shifted wave-
length_ is given by:
V s
= LO (l t 2n _-- sin _ )
where ko is the incident wavelength, n is the index of refraction of the
water, vs is the sound velocity, c is the velocity of light, and _ is the
scattering angle. This means that there are two shifted spectral lines with
scattering proportional to vs, the sound velocity. For backscattering, the
angle between incident and scattered radiation is 7. The resulting wavelength
shifts are about 0.08 A, which can oe measured using a Fabry-Perot inter-
ferometer. This measurement yields the sound velocity in the sea, v$"
The Fabry-Perot is a spectroscopic instrument with extren:ely high re-
solving power and sensitivity. In addition it can be prepared 5 to haveseveral
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channels operating simultaneously. Thus the measurementof the Brillouin
peaks can be carried out rapidly enoughto preserve the depth information
provided by the time delay, which amountsto 6 nanosecondsper meter.
d) Ramanscattering: The Ramanscattering differs from the com-
ponents considered so far in that the wavelength of the scattered light dif-
fers muchmore from that of the incident. For this reason, the spectroscopic
problem is much simpler, and interference filters can be used for its measure-
ment. Salinity information can be obtained either from depolarization of
water Raman lines, or the intensity of certain ion lines, principally the
sulphate ion.
In the Feasibility Report it was shown that a moderately powerful laser
operating in the blue region of the spectrum (440 to 490 nanometers ,wavelength)
can, for a relatively clear sea, be used to provide data on the parameters men-
tioned above as a function of depth. Brillouin, Raman, and Tyndall scattering
from the laser beam are all to be utilized, as summarized below. The process
for each parameter is described in turn.
2. Sound Velocity
The sound velocity, vs, in the sea is well known, having been of military
as well as scientific interest for many years. It depends on salinity, depth
and especially temperature. It turns out that the sound velocity in
liquids can be measured using a beam of light as a probe, and that light from
a laser is particularly well suited to the purpose. If such light is passed
through water, it is found that two additional wavelengths appear in the scat-
tered light. These additional wavelengths carry the information on the speed
of sound; their spacing is proportional to vs, the sound velocity. For back-
scattering, the wavelength shifts are about 0.08 A, which can be measured using
a Fabry-Perot or a Mach-Zehnder interferometer. This measurement yields the
sound velocity in the sea, vs.
3. Salinit_ and Temoerature
Measurements of the salinity are to be carried out by using t_e Raman
effect. In the Raman effect, unlike the Brillouin effect, the wavelength of
the backscattered light is considerably altered by the interaction of the
light with energy levels of the salt and water molecules. Since the population
of these levels is temperatur_ deoemden_, the characteristics of the Raman
spectrum debend on the water temperature and the salinity. It turns out that
both the wavelength and the polarization of the Raman light are temperature
and salinity dependent. A recent study6 by Chang and Young has shown that if
the laser light is circularly polarized, the Raman scattered light will show
depolarization which is dependent on salinity and temoerature. This deoendence
fs different from that of the Brillouin effect mentioned above. A com_ination
of the _ao observations yields the temperature and salinity seoarately.
A more direct method involves the 50¢ ion. Oue to its internal structure
this ion gives rise to a vibration-rotation Raman effect which is favorable
in wavelength to transmission by the sea. Excebt in very unusual circum-
stances, the 50¢ concentration an(_ those of the _rincipal constituents of
the salinity Qf the sea, Na and Cl, are strictly _roportional. This means
that a ,T.easureof the _O_ ion will suffice to _easure the salinity. There
seems no reason why :his cannot be done with suf?icient accuracy ,'.oreduce our
tem.oerature measurements. An exper_,nental _tudy of this aporoach in seawater
is planned. The sa]ini_y mea_._rements are then combined with those of sound
velocity to obtain the temperature.
_. Turbidity
In the literature there are at least t._nCefinitions of .'.ur_idi,y. '_e
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choose it to be the lack of clarity of water resulting from suspended
particles which causes light to be scattered at random. A laser beam is
particularly well suited to make this kind of measurement, since the quantity
of backscattered light from a laser beam is a direct measure of turbidity.
This component of scattered light exhibits no change in wavelength from the
incident light and is called Tyndall scattering. The ratio of the intensity
of Tyndall scattering to incident light intensity gives the turbidity. In
previously used methods a difficulty has always been the incident light in_
tensity measurement. The intensity of the Brillouin scattering corresponding
to a given incident intensity is a known function of the water parameters and
will give a direct measure of the intensity of the laser light at a particular
layer of the sea. This is then compared to the Tyndall component, and the
turbidity of the various depths can be directly deduced from their ratio.
Thus, the measurement of turbidity can now be made much more accurately than
before, since a ratio is used where both quantities come from the same 'water
sample.
D. Feasibility Criteria
l) Seaborne Operation.
The acid test of any measurement is the accuracy obtainable in a given time
of observation. The mechanisms of Tyndall, Rayleigh, Brillouin and Raman
scattering are sufficiently well known that a calculation can be _erformed
on the beam of scattered light from the sea when the optical parameters
(size of lense_ for example) are known, and the intensity of the incident laser
light is given.
We have assumed the use of a relatively modest laser (O.l joule_, an
average optical system ,and determined the accuracy of each measurement by
means of a computer simulation. First the intensity of scattering was determined.
16
This calculation was checked against a Brillouin spectrum in the Laboratory,
as shown in Fig. III.2 (p. 32). Then using information _ne._ry and the
characteristics of typical interferometers of the type to be used, the in-
Formation con_ent of signals from _,_ese_ was evaluated. Fig. ZiI._ (p. 34)
shows a com_uter simulation with a separation of the Bril'ouin peaks of
O.2B dm°L and a turbidity of O.2B_.
The main configurat:ion considered was a three chan;_el Fabry-Perot inter-
ferometer, shown in Fig. VI.6 (p.68). A laser sends its light by a rig_t-
angle mirror into the sea. _t is backscat_ered and coIlec°.ed by the co'letting
lens. Rendere_ parallel by a negative lens the light Oasses through a Fabry-
Perot interferometer and a focussing lens and falls on _ Fafnir image _ivider.
The ,threechannels are se,_arated here and are direcze_ so separate b_o_o-
multipliers as shown.
The parameters c._osen were:
a) LASER
Power
Wavelength k°
Line Width
Pulse Length
GEOMETRY
Height Above Surface
Sea Surfac_ Factor
Area of Collecting Lens
Efficiency of Instrument
I00 mJ/pul s(;
0
variable 5,."00A - _,,000A
0.05 cm-:
¢ nsec
(](Shipborne)
1
300 _m2
0.I
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One of the most important questions pertaining to an optical system of
this sort is the effect of turbidity in the water on the depth which can be
reached. This can be answered by the computer model and a typical result is
shown in Fig. VII.3 (p. 84). Here two Fabry-Perot interferometers, one with high
finesse F and one lower are compared. Accuracy in degrees centigrade obtainable
at 20 meters is plotted against turbidity. We note that the effect of turtidity
is relatively small, indicating that clarity of the water is not as vital as we
had thought, an encouraging result.
2) Airborne Operation
For the airborne experiment, the height above the surface Csee Parameters,
part b, above) may be given a value, for example, of 200 meters. Here the
effects of sea-surface also enter. However, the airplane bathymetry experi-
ments of the Wallops Island group in the Key West area have indicated that,
except for very strong wind conditions, the sea surface does not appreciabl_
interfere 7 with the bathymetry accuracy. Our own calculations indicate the
same th_ng. The feasibility of airplane measurements is certainly indicated.
3) Bistatic Experiment
The airborne measurements require a coaxial laser and scattering team,
so that the effect of the non-flat sea surface is eliminated. This, in turn,
means that depth information is to be obtained from time-of-flight data. Such
measurements require fast pulses from the laser as well as very short gated
receiving systems. These_sers are expensive to buy and probably cannot be
obtained surplus.
It happens, however, that for a seaborne experiment another far less
expensive method can be used for depth information. This is to use two
positions, one for sending and one for receiving, and to vary the angle be-
tween them for depth measurement. This is the principle of the ordinary
18
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rangefinder. Such a configuration is shown in Fig. VIII.l CP. 88). The
depth of the shaded area from which the measurement comes can be deduced
from the angles of the two beams by trigonometry. Our first experiments in
actual outdoor salt water will be made using this configuration. This is
because due to a restricted budget, we are relying mostly on equipment either
on hand in the Laboratory or borrowed Clike the laserl. Since this method
meas'_res the Brillouin, Raman and Tyndall Scattering as a function of depth
just as the final system will do, it provides an _xtremely valuable check
on our calculations, and so is a logical first step in our Experimental
Program. When we have actual Brillouin spectrum results from a natural
body of water outside the Laboratory, our level of confidence will be greatly
increased.
r
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If. Delineation of the quantities
A. Temperature
The object of our measurement here is the thermodynamical bulk
temperature of the water, the quantity normally measured when a thermometer
is introduced into the water. This temperature is required in considera-
tions of water circulation and biota distribution and can be used as a
labelling parameter of water masses in certain circulation studies.
In our measurements, :he temperature is inferred from the speed of
sound, and, assuming sufficient knowledge of the other parameters pressure
and salinity, this inference it very precise. An expression we have used
for the speed of sound is exact _o better than 0.5 m/s s, and with the linear
temperature variation of about 3 m/s per *C, the precision is already better
than 0.2 °C. Using suitable calibration, we do not expect any observable
error in this inference; the temperature will be computed with the precision
with which the speed of sound, salinity and pressure are known.
The Brillouin spectrum is a very direct mechod of measuring the speed
of sound: the wavelength of the laser pulse is shifted in the scattering
volume by an amount directly proportional to the speed of sound at this
location; this modified light is then observed without any possibility of
further change, since a second scattering would reduce the intensity to
nothing. For comparison, the only presently employed method of temperature
remote sensing by thermal infrared intensity measurement is sensitive only
to the observed skin temperature. There are indications 1,9 that this skin
temperature may be lower than the bulk temperature by l°C and even more,
depending on relative humidity and wind conditions. In addition, the in-
frared measurements have to be corrected for the absorption in the atmosphere,
which varies with path length and humidity.
20
Themeasurementof temperature using the Brillouin spectrum,on the
other hand, is only limited by the powerof the laser and the ability to
measuresalin!ty.
B. Turbidity
Until very recently, the quality of our waters in lakes, streams and
near the coast at sea has been deteriorating steadily. Dredging operations,
discharge of industrial and municipal wastes, and agricultural usage all have
contributed to a decrease in quality of those very neighboring waters most
useful to us for recreation and for fisheries. Since the general realization
a few years ago that we must preserve our water heritage and limit our
despoilation of this important natural resource, there seems to have been
a dramatic turn of events. In some cases t_ rate of deterioration has
apparently been slowed, and even reversed. Controls on activities which
may adversely affect water quality have multiplied, and considerable expen-
ditures have been made or projected to improve water quality. Fisherman
have reported improvements in the Great Lakes, and coastal waters such as
Biscayne Bay seem somewhat clearer than a few years ago. But how is water
quality to be measured? How are we to know whether we are winning the battle;
whether the expenditures are fully effective.
Of the measurements of water quality, that of turbidity or lack of
clarity is probably the most useful. This is not only because measurements
can be made optically, and therefore quickly without complicated chemical
analysis, but also because it is exactly the lack of transparency which
turbidity implies that is perhaps the most direct and obvious measure of
water deterioration.
The literature discloses L° at least nine distinct definitions of
turbidity or lack of clarity. Here we shall consider that turbidity causes
21
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the cloudiness in waterwhichobscures objects on the bottom. We shall not
be concerned with absorption, which limits the transparency of water but
does not reduce the definition or contrast of what we see. The cloudiness
that we wish to measure is caused by suspended small particles in the water.
When light encounter_ these particles, it is scattered in all directions.
The result is a decrease in the clarity and contrast of an image.
Consider a beam of monochromatic light incident on a sample of water.
It is assumed to have wavelength _ and irradiance Io. In an infinitesimal
volume dxdydz, a certain amount of light, dl, is scattered in a solid
angle d_. This amount is proportional to the incident intensity Io, to
the solid angle d_, and to the Volume dxdydz, and is a function of angle
and wavelength:
dl = q(e,_) Io d_ dxdydz
Here _(e,x) is the scattering coefficient which is to be measured. In
those cases where the particles doing the scattering are small, of diameter
d, the same order or smaller that the wavelength x of the light, the angular
dependence is very complicated. In most of the turbidity which affects
water quality, however, the particles are considerably larger than wave-
length, d >> I, and the variations with angle are simple while the wavelength
dependence is negligible.
Measurements of turbidity are thus equivalent to the measurement of
scattering, which is dependent on angle. A type of scattering meter, the
nephelometer, is adapted to measurements at 90:. Other methods include
the taking of water samples, the Secchi disk, and measurement of the
intensity of a light beam after passage through a definite length of water
compared to its original intensity. They may be classified as follows:
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I) transmissometer
measure either diffuse or true extinction coefficients
either in situ or in vitro.
2) scatterometer (nephelometer)
measure the scattering properties of the sample, usually
but not always at gO° in vitro.
3) combination of the preceding two methods
a) contrast meter: - Jackson candle turbidimeter
- Secc_ disk
- rotating black and white disk
b) ratio of transmitted beam and scattered beam.
In order to be able to make even the most approximate comparison of
measurements by these methods, some kind of standard angle dependence must
be assumed. We found that instead of making each of the comparisons with
ad hoc assumptions, it is much si_npler and more consistent to refer all
these measurements tu a new unit based on the definition of turbidity:
"Turbidity corresponds to the amount of susp_-ded
matter in a sample of water, as ascertained by op-
tical observations. The units are required to be
proportional to dilution, viz: dilution by half
of a sample will reduce its turbidity by half."
We define then a sample of turbidity l as having a scattering coefficient
_(e,x) equal to the turbidity normalization function _(_) shawn in Fig. II.l
This function was obtained as the simplest closed analytical form that
approximates the scattering angular dependence of most bodies of water.
Its intensity corresponds roughly to the transition between clean and
dirty water. Some technical data of this normalization function are
23
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are given below, and all th_ turbidities discussed in this and the
following reports will be given in this unit.
The normalization turbidity function 8(_) :
l) defines a sample of turbidity l and has an angular dependence
chosen to approximate the scattering of most bodies of water
(for instance,
io24_C = 3
while this quantity varies from 2.5 to 3.5 in oceans and lakes.)
2) when multiplied by 16.77197 gives an angular function in tur-
bidity norma]ized to 4_.
3) can be understood as corresponding approximately 12 to about
1.2 x lO6 particle liter, of index 1.5, with diameters
above 2 _m distributed in Junge distribution slope l (assuming
density of 2.5, this gives about .6rag/liter).
In the ocean, the actual particulate matter giving this
scattering would probably be closer z3 to 5 x 10l° particles/
liter, of index (I.4 + O.Oli), distributed between the diameter
of 0.08 and lOum by a Junge distribution of slope 3. This
results in an absorption coefficient _ = 5.2 x lO-z that we
use as the normalized absorption coefficient of a sample of
turbidity I.
4) the total scattering coefficients of a sample of turbidity t
is _ x 0.59623; with the normalized absorption _ of the par-
ticles, this corresponds to a half intensity propagation
length HIL - 625
-_- cm.
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c.
The presence of salt in sea ,water results in appreciable changes in
the physical properties of the water. The simplest expressions for the speed
of sound, the index of refraction, and the density must have at least one
salinity parameter. Fortunately, since most of the variations of salinity
are due to rain or evaporation, the ratio of the different salt constituents
stays about constant, and only one salinity parameter is quite sufficient
for most uses: most physical properties of sea water can be written in a
T p S system, i.e. as a function of only temperature, pressure and salinity.
The salinity parameter can be expressed in many ways, but parts per
thousand of salt has been a fairly standard ene for a long time. It has the
advantage that it can be understood as gram o? salt per kilogram of sea
water in thermodynamical computations. These are the units we use in this
report. A normal value for salinity in the ocean is 35 gm/kgm and is
distributed as'_"
19.353 Chlorine
I0.76 Sodium
1.292 Magnesium
2.712 Sulfate
0._12 Calcium
0.399 PotassiJm
The rest is Bicarbonate and some trace elements.
The Brillouin spectrum corresponds to two peaks shifted in wave-
number by an amount equal to
2n vs
c uo sin _ e
where n is the index of refraction
vs is the speed of sound
v is the laser wavenumoer and
_O is the scattering angle.
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Since the wavelength of a laser is well fixed and the sin _-_ variation
is negligible in backscattering (_ = 180), the separation of the peals
gives a very precise measureof n vs, or moreexactly the index of refraction
at the laser wavelengthmultiplied by the speedof soundat that frequency:
2n vs vo sin _e This is a very well defined physical quantity, which is
a local bulk property of the water at the scattering point. Although this
water characteristic can be referred to the T p S system, its measureis very
direct and, since it is never influenced by the surroundings, it maybe
advantageousto consider it independently in certain studies. Weexpect
these kind of measurements to be very useful in studies of stratification
of water bodies, to obtain a fast three dimensional piczure of the plume
from a river or cooling water outlet, and as a labelling parameter in cir-
culation studies.
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III. Turbidit X
A.
A computer model of the Brillouin Spectrum of water based on the theory ,
reviewed in Chapter V of this report was developed during this phase of the
contract. A brief review of the Tyndall or particle scattering information
used is presented in this section and is shown to be a means of measuring
turbidity when coupled with the intensity of the Brillouin spectrum.
Tyndall scattering was mentioned z as typically the brightest of the de-
tected returning radiation. Its central wavelength and spectral width are
essentially the same as those of the laser. The angular debendence of the
scattered intensity has been studied by others in many bodies of water. The
combining of results of several of these experiments has led to the turbidity
normalization function shown in Fig. II.l Cp. 24) _hich matches the data
over a wide range of variation.
The separation of the Brillouin peaks contains information about the
water sample temperature and is independent of the absolute intensity of
the laser. Since the temperature of the water is calculated it follows that
the intensity of the Brillouin effect carries the information needed to deter-
mine the intensity of the probing laser light that interacts with the volume
of watmr being studied. Using the turbidity normalization function mentioned
above, the normalized Tyndall peak intensity can be directly compared to the
Brillouin effect intensity and an accurate and repeatable measure of turbidity
obtained.
This method of measuring turbidity has a significant advantage over
_revious methods because the standard for c_mparison (Brillouin)
originates in the same volume of water as the effect under study (Tyndall).
Both the Brillouin and Tyndall scattered light reaches the receiver after
transversing the same optical path so no assumptions nee¢ be made about the
medium be_aeen the receiver and the volume under study.
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B. Experimental
During the feasibility study of this project the Brillouin spectrum
was observed using a helium-neon laser and a Fabry-Perot interferometer. In
this phase of the project the computer model was used to simulate the
laboratory conditions as reported earlier. The purpose was to obtain "a
posteriori" the turbidity of our water samples by matching the laboratory
data with the computer simulation.
I. _boratory Work
The light source used was a _PECTP,A-PHYSICS Model 124 helium-neon laser
(6328 A) with an output power of 10 mW. The water samples were contained in a
sDherical glass flask and the purity of the sample was varied. The non-specific
description of purity was then replaced by _ur definition of turbidity so
in essence, scans of the Brillc' n spectrum were made on samples having dif-
ferent values of turbidity. Most of the scans were performed at a scat:ering
angle of go°. A lens system relayed the scattered light to a Fabry-Perot
interferometeras shown in Fig. IIl.l.
The Fabry-Perot interferometer was in a pressurized housing with a l cm
spacer giving a free spectral range of 0.5 cm"l CO.20A at 632B A). With this
spacer the Brillouin scattered light fell approximately 0.3 free spectral range
from the Tyndall central peak. Freon 12 (C2CI2F2) was used to scan _he
Fabry-Perot with a change in pressure of about 0.3 Ibs/inz corresponding to
a complete free spectral rang: of the interferometer.
A lens imaged the fringe pattern on a plate with a centered small aperture
followed by a photomultiplier. When the laser light was put through the
optical system,_he finesse of the whole system was measured and found Go be
about 6.
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A typical output from this system including the Brillouin spectrum is
shownin Fig. Ill.2. The scattering angle was90° and the water wasconsidered
to be relatively clean. The limitation of available finesse Cusingoff-the-
shelf componentsonly) did not permit better isolation of the central peak.
It is moreover not necessary to clearly isolate the Brillouin peaks to obtain
an accurate measureof turbidity. A signal-to-noise calculation in chapter VII
of this report demonstratesthis effect in detail. Typical results indicate
that the method easily givesturbidities with a precision of a few per cent,
which is muchbetter than any previous method.
2. Computer Simulation
The computer model of the Brillouin spectrum was developed using the
theory presented in Chapter V of this report. The temperature, salinity,
and pressure of the water are input data. From these specified quantities
other properties of the sample are derived. These are density, index of
refraction, speed of sound, partial derivatives of the index of refraction
(with respect to temperature, pressure, and salinity), volume expansion coef-
ficient, and isothermal compressibility.
Additional information is then added, giving the angle of scatter of
the receiver and the wavelength of the laser. The scattering coefficients,
spectral widths, and spectral shifts for each type of scattering are then
calculated (isobaric, salinity, Brillouin, and anisotropic). A Tyndall
scattering coefficient can then be assumed and the complete simulated
spectrum displayed.
The simulated spectrum can be put through a theoretical Fabry-Perot
interferometer. This can be done after a finesse and free spectral range
is specified. Figs. [if.J, III._, and III.5, show a sequence of _ode]ings
as the scattering coefficient :p is varied. The pressure, temperature, and
salinity were assumed to be 1.0 ate, 20°C,and 0.0 _arts/thousand respectively.
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The scattering angle was go° and the laser wavelength was 6328 A. The Fabry-
Perot was assigned a free spectral range of 0.5 cm-l and a finesse of 8.
The closest match {relative height and half-widthl is Fig. Ill.4 with
a turbidity of 0.285.
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IV. The Problem of Determination of Salinity
A. The Need for the Measurement
Brillouin spectroscopy can provide a measurement of the speed of sound
in the sea. This is discussed in more detail in other sections of this report.
The speed of sound is given as a function of temperature, salinity, and
pressure (depth) by many authors. The depth for each value of the speed of
sound can be found by measuring the time delay in the arrival of the back-
scattered light from the sea following the arrival of a reflection frcm the
surface; or in a bistatic system on_ can provide depth information by the use
of trigonometry.
The temperature and salinity information cannot be separated by the
speed of sound measurement alone, and so an independent method for measuring
one or both quantities must be achieved, except in special cases described
below, where simplifying assumptions can be made.
I. In fresh water the salinity may be assumed to be zero. The speed
of sound and depth measurements are then sufficient to provide a measurement
of water temperature.
2. _n the ocean the salinity near the surface changes gradually over
distances of hundreds of kilometers. Figure iV.I depicts the mean surface
salinity of the world's oceans. _ The surface layers are often well mixed
and therefore the salinit% may be assumed to be constant. A mean value for
salinity may be chosen with which to calculate temperature from speed of sound
measurements, allowing for some uncertainty of results.
3. Some water bodies of interest may not fit these special cases.
For example, brackish water in estuaries generally exhibits large vertical
and horizontal gradients of both temperature and salinity, as does the sea
in regions of high precipitation or evaporation, rn these cases an
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independent salinity measurement should be obtained to allow accurate cal-
cJlation of temperature in conjunction with the Brill_uin speed of sound
measurement.
B. Methods of Measuring Salinity
I. MicrQwav_ Method (surface only).
When microwaves are reflected from an object,the electrical properties
of that object strongly influence the reflectivity. Microwave sensors have
been proposed for use in SEASA_ and were used in Skylab for oceanographic
purposes. Measurements of the electrical conductivity of the surface layers
of the sea would allow the calculation of the sea surface salinity. Such
systems have been flown in aircraft and give values accurate to one part in
lO00:5 _e are, however, more interested in determinin_ salinity in depth.
2. Roman Scatterin 9
The Raman spectrum of a molecule can be understood as scattering involving
a quantum jump between too energy levels of the molecule. Since the energy of
the scattered photon is equal to the energy of the incident photon minus the
energy difference bet_een the final and initial states of the molecule, the
wavenumber shift J is obtained directly by
J = Ei - Ef
with all energy levels in cm-l.
Roman Scattering produces spectrai bands of lower and higher energy
referred to respectively as Stokes and anti-Stokes bands. The Stokes band
is the most intense and is the form of Raman scattering in which w_ are chiefly
interested. The Roman effect arising from the vibration of waker molecules
is depicted in Fig. IV,2.
a. Roman Depolarization of H20
It turns out that both the wavelength and the polarization of the water
Roman spectrum are temperature and _alinity dependent. A r_cent study by
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Chang and Young6 has shown that because seawater may absorb certain colors
in unpredictable quantities, the wavelength shifts of Raman spectra are not
useful in measuring temperature and salinity. However, the study further
shows that, if the exciting light is circularly polarized, the Raman scat-
tered light will show depolarization which is dependent on salinity and
temperature. The circular depolarization, _c' cannot yield the salinity or
the temperature separately. Chang and Young proposed to treat the ocean as
a body of constant salinity and thereby obtain the temperature profile from
one measurement. If this method is instead combined with the Brillouin
method, we will have two independent equations available from which the _wo
unknown variables, temperature and salinity, may be simultaneously calculated.
The discussion of this system of simultaneous equation_ can be found in our
previous report.2
One possible instrumentation system to utilize the Chang and Young
results consists of a blue green laser to obtain maxi_zJm penetration of the
sea. The laser light is circularly polarized by a Brewster window and a
quarter wave plate.
The Raman backscattered light from the sea is passed through an inter-
ference filter to limit background radiation noise. The light is then passed
through another quarter wave plate, a beam splitter and two linear polariza-
tion filters so that the right and left hand polarization states may be
simultaneously observed. A photomultiplier and amplifier must be provided
for each channel. The schematic for the system is given in Fig. IV.3.
b) Determination of Salinity from Raman Spectroscopy of Sulfate Ions
in the Sea.
A measurement of the zonc_ntrati_n of sulfate ions in seawater allows
the direct calculation of the salinity.i_, :7 The concentration o? the
POLARIZINGBEAM
SEPARATOR
LEFTPHOTOMULTIPLIER,IL
"-,-]
DEPOLAR[ZATION RATIO :
[R
SCHBMA.rIC OPTICAL SYSTE_M FOR RAMAN TRANSMI_'_'ZRAND RECEIVER
FIGURE IV.3
_2
f I
ions may be measured by observing the ratio in amplitude between the Raman
scattered light and the light incident in the sample volume.
The instrumentation required to measure the sulfate Raman effect are
an appropriate interference filter, a photomultiplier, and an amplifier.
Information on the intensity of light incident on a sample volume may be
obtained from the Brillouin measurements.
Other investigators have studied the Raman spectrum of sulfate in
the sea, and careful attention will be paid to their resultsiB, 19 The
combination of the salinity thus obtained with the independently measured
speed of sound and depth information would allow the calculation of
the temperature of the sea with depth.
c) Discussion.
The Argon Ion laser on loan to the University of Miami Laboratory for
Optics and Astrophysics from the Navy (via NASA) will be useful in examining
the relative meri.ts of the different Raman spectroscopic methods. Experi-
ments will be performed to determine which method provides the best means of
obtaining an independent measurement of salinity. H20 Raman backscatter
depolarization and SO_ Raman backscatter intensity will be measured for
solutions of salts and typical seawater in the laboratory.
These experiments will serve to verify the results of other researchers
and provide experience in the techniques for future application in a ccm-
bined Brillouin-Raman instrument.
_3
!V. Brillouin Scatterin9
One of the reasons we are so confident of the practicality of the
8rillouin spectrum method of temperature sensing is that the theoretical
basis of the phenomenon is well established and that computation of the ef-
fect is possible. Brillouin spectroscopy is one of the rare fields of physics
where theoretical work and computations normally agree with the experiment to
within the experimental error. This agreement can be shown for the intensity
of the Brillouin peaks as a function of the thermodynamical quantities, width of
the peaks due to sound absorption, etc., and Fig. V.I, taken from the work of
C.L. O'Connor and J.P. Schluff,Z°shows the agreement for the measurement we
plan, the speed of sound in water. In this figure, the speeds of sound computed
from laboratory observations of the Brillouin spectrum are plotted as open
circles as a function of temperature and compared to the standard ultrasonic
sound speed, indicated by the black curve.
We use the Brillouin theory extensively in our computer simulation_ because
it allows us to compute a large range of problems. Since it is the fitness
of theory which is at the basis of our confidence in the workability of the
design,we thought it worth,while to study the derivation of the equations, to
determine the assumptions used, and thus reveal any limits of the validity of
the models chosen. The flow diagram of the derivation, seen in Fig. V.2, is
a proof that the starting equations are basic. These equations, Maxwell's
equations (V.2-7) and the di?ferential fluid equations (V.3-10), are applied
to the solution of a specific problem: the electromagnetic waves driven by
the polarization induced by the electric field of a strong laser beam (7._) in an
isotropic medium whose index _f refraction is written in a T p s system. We
emoloy various mathematical methods: Green's function (V.ll), Fourier transform
(V.12) and Wiener s#ectrum (V.13) with a r_t_er delicate substit_ticn
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iRandom function fCx_
of Fourier Transform FC'"i
has a Wiener Spectrur,, defined by
l Lira
w(_) : _ A-o
A(_,-_)
The Wiener Spectrum is sometimes called
Power Spectrum and is used to obtain the
average effect of random fluctuations.
WIENER SPECTRUM
V.13
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of thermodynamicalfor statistical quantities. These lengthy computations
yield the characteristics of the isotopic scattering by the equations of
Table IV.l.. For each kind of isotopic scattering, Rayleigh, Brillouin and
salinity, the characteristics appear as these quantities: _ scattering
coefficient, ? width and v shift. These are computed in terms of the
macroscopic quantities in the water:
n(T,p,s,L) : index of refraction
_(T,p,s)
C
P
¥
<
rl
D
: density
: specific heat at constant pressure
: activity coefficient of the salt
: thermal conductivity
= viscosity
= diffusion coefficient of the salt
The computation requires some first partial derivatives of the index of
refraction and density. To this exactly computed isotrepic scattering, we
add in constant proportion the anisotropic scattering and the assumed tur-
bidity t with the help of the turbidity normalization function. Thus, for
each T,p,s,t we can compute the intensity scattered from the _iC_, ?i' vi
(15 quantities, I0 non-zero) as shown in Table V.2.
As explained in our January 1975 Final Report, CR-13918a, neither the
salinity nor the anisotropic scattering are of appreciable intensity and,
therefore, can be neglected.
An example of the modeling of the spectrum of the scattered light
return from a laser beam is shown for 20 and 40 C in Figs. V.3 and V.4.
The separations are, respectively, of .3036 and .311_ cm °:. The 9ril]ouin
peaks have a finite width, but it is much smaller than the separation so
that it should not interfere with the measurement.
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\To the isotropic scattering [JRP°C_I':RC_l'O]
[:BP°C_I':BC_I'_BC_I]
[_SP°te_'rsC_l'o]
We add the anisotropic scattering
(unimportant since _a>>} [_a Pac_' 5, O]
and assume turbidity t it _C_}, O, O]
Thus for each CT,p,_,t) of the water
and ko of laser with pulse intensity
we define Shape Function
i ±
_i Yi (_)
ri2C_)÷ 4C,,-__iC_}}2
and obtain the intensity scattered by a length z of water
in a solid angle _ as
I(_): Io(_) - s(,,,_)_ .
2_z
TABLE V.2
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VI. Slstem Design
Once we have a reliable method of predicting the scattering of the laser
beam, it is possible to model the features of any design. During the period
of the contract covered by this report, a large portion of the work has been the
analysis of a number of possible subcomponents, rejecting the ones that were for
some reason unsuitable, and finding simple and correct expressions to model the
remaining ones. The end result of these studies can be found in this chapter,
which, represents the basis from which the designs can be composed and con-
tains the algorithms for their evaluations. The system to measure the Brillouin
and Tyndall scattering consists of a !_ser: an ootical system, a dispersive
element, optical detection and data processing. Each of these subcomponents
will be analyzed in turn.
A. Laser Parameter
Naively, the most important parameters of the laser should be its intensity
and wavelength. However, the situation is a little more complex because of the
difficulty of comparing the intensities of continuous, pulsed and modulated
lasers, and also because the length of the pulse influences the scattering length
abserved and thus the intensity, while the spectral width may widen the Brillouin
peaks. The simplest modeling is normalized with respect to pulsed lasers
characterized by four parameters as shown in Table VI.1
A modulated or continuous laser is just considered as a succession of
_ulses. The measurement of a succession of pulses is usually equivalent to
the measurement of one pulse of the same total power. For instance, the
measurement of a 1 watt continuous laser far 1 second is equivalent to _mat of
a pulsed laser of I joule.
Although the continuous progress in the laser field _ill probab_j resuit
in new possible laser choices :or the future, we have _etermined that at leas:
3 now existing laser systems could be used %r 5rillouin temperature re_ote
sensing.
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LASER PARAMETERS
Power
Wavelength
Line Width
Pulse Length
o
I00 mJ/pulse
variable 5300 A - 4000 A
0.05 cm"_"
nsec
Table VI.l
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I) Yag-Nd++ pulsed laser frequency doubled to 5300A:
This laser appearedat the start of the _esign phase to be the most in-
teresting system: There are no limitations in power, pulse width or line
width with suitable accessories, and powerful lasers of this kind have been
routinely flown in airplanes. However,it turns out that the laser wavelength
5300A is not the best for maximumpenetration in the sea, and that the acces-
sories for reducing the pulse length and spectral width are expensive in funds
and energy. Its use would then be reserved for a possible expensive large
system.
2) Dye Laser, excited by N2 Laser:
Dye lasers have many advantages, such as complete tunability in the wave-
length region of interest, a natural pulse length of about 5 nanosec, and the
additional availability of the powerful UV N2 laser pulse itself for Raman
salinity measurements. They however require a double Fabry-Perot in the laser
cavity for soectral width reduction and are at present limitec in power by
dye destruction.. Since they have efficient energy conversion, they may be
used for the airborne system, if the technology of more powerful large bore
lasers with narrow spectral width continues to make progress.
3) Argon _on Laser
These provide easi!y sufficient continuous sower in a series of very
narrow spectral lines in the region of i _o_= _n....s_ 5000 _O0 A with a _el_ _roven
technology. However, the need for modulation in the monostatic systems _ill tend
to slow down the measurements and reduce the power available. This laser sys-
tem clearly appears to be the leas_ expensive and the easies_ :_ ,Jsefor the
first phase of the experimental program.
B. Optical S]stem
The optical system, as shown _n Fig. Yl.l, _ay be kept ratter si_n3e: A
_etho_ to _ring the laser oeam to the water to be analyzed, and a large lens
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for collecting the scattered light. Since all considerations indicate
definite advantages of keeping the laser beam as small as possible, we have
only to steer the beam by a mirror, and the only attenuation is due to the
absorption h(z) of the underwater path Y (the small reflection at the surface
should be negligible and will be inc_uded_$n the,.sea surface factorl.
The scattered light is then collected by the largest possible lens (of area A)
at a height H above the water. Taking into account the refraction at the sea
surface, the solid anqle collected is A where n is the index of
_y'+ nH)Z ,
refraction of the water. The power scattered in th_s solid _ngle is then the
laser power multiplied by the scat%ering coefficient, the solid angle, and the
length of the scattering medium observed. This length L is found from the
geometry in a bis_atic system and from the integration time of the detector
ztd in the monostatic system L - c z td This scattered intensity is
2n
attenuated by the absorption of the underwater path by a factor -h(_)Y. and
by losses at the sea surface described by _ factor k, a func=ien of the Jimension
of the re, . beam. In conclusion, the light intensity pessing through the
area _ of the lens can be computed as a function cf wave number:
cA _td
I(v) = k e "2h(_)Y {1o(,,,) * _(,_,_)} 2n(Y + nH)"z
and the instrument has to make the best _se of this ocserved light.
C. Dispersive S_stem
This collected light has to be analyzed for the spectral information that
will give the speed of sound and the turbidity. This is done by distributing
the photons in several channels; to obtain two _uantities (s=eed of sound a_d
turbidity) by ratio of intensity in the channels requires _nree channels.
_fter discarding seve-_l interesting schemes of disnerslve s/ssems,
6Z
[we are now considering only two options: Fabry-Perot and Mach Zehnder inter-
ferometers. We will probably use the Fabry-Perot system in the first stage
of the experimental work because a suitable Fabry-Perot interferometer is
available at our laboratory and we have years of experience in its use, but
because the Mach Zehnder system is not as sensitive to the effect of the sea
surface and is more stable, we plan to use it for the airborne system.
Fig. Vl.2 illustrates the principle of the Fabry-Perot: Each wavelength
is transmitted in a ring of angle 3. A multimirror inclined at an angle
can then direct various wavelength ranges towards pnotomultipliers at angles
25 (Fig. VI.3). The quality of the Fabry-Perot is best expressed by :the
"finesse" F, defined as the inverse of the unavoidable spectral spreading
compared to the free spectral range FSR. The effect of the Fabry-Perot can
then be written as the convolution of the spectra with the spread function
r TFSR 2
S(._) = L
-_ FSR z + F2(_ + k FSR) z
and the multimirror selects a suitable wavelength range in this convoluted
spectra. The range of the three channels are shown in Fig. VI._ and V!.5
compared to the convoluted Brillouin spectra at 20 and ¢0%. The signals
are given for a shipborne system looking at a de_th of 20 meters _ith a O.l
joule laser at 4500 A in units of lO 7 photons. The schematic of the :_bry-
_erot system is given in Fig. VI.6.
The Mach Zehnder system is based on another interfercmeter shown in
Fig. VI.7. This instrument is often thought as an unfolded Michelson
interferometer y_e]ding the same channeled spectr'_m, but in realit/ t_e jn-
folding allows the transmission of two comolementary cmanneled soectr_. The
advantage of a Macn Zehnder is a consequence o_ the fact that mo _motons _re
rejected: This not onl/ results in a .great sensitivitz, but i also fl--JS
the _esign of the _ecessit/ of _nsuring uniform il',Jmi_at!on 3 _ t_e -_an_e;s.
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iThe amount of light accepted by the interferometer is easily increased
by Field widening as in Fig. VI.3. To obtain the necessary three channels,
_ao Mach-Zennder interferometer are used in succession: A First one is used to
separate the Tyndall peak, and the second one for analyzing the remaining
light to get the Brillouin separation. The transmission in these channels
will be of the form
T(_) = :[I - _cos ,_IC,_+_O)][I -+yCOSa2(_+'_o)]
A schematic of the complete system is shown in Fig. VI.9, and the expected
transmission of the Brillouin channels in Figs. VI.IO and VI.ll.
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i0. Collection and Recordincj
The systems used to detect and record the photons in eacn cnanne_
have to be quite different in a bista_.ic, monosta_ic ouise, and monos_.a;ic
moclulated Brillouin remote sensor. The bista_ic configuration is certainly
the simplest because continuous or chopped light has to :_ede..c_.d_ 'Aewill
simply use good sensitive photomultipliers .with quantum _fficiency in the blue
of about 20 to 3(]%. With these detectors we don't expec', r.ohave to use a photon
counting mode even though this ootion is available if more sensitivity is
,mr_. cmannel< will :hen Le read sequentiallydesired. The voltage signal of the "' oo .
by _he _OVA _OO c_mouter.. The _at.:rial for ".heanai_. _ata a..u;__,.i.on svs.zero
is alreac_y onhand an_ we _re working on ".me _odifications ".o z,_e :_mou:ar. The
data accumulated ;n -he c_mouter _urino a cJmol:r: run will _._en _e _umDe_ on
teletype or magnetic :woe for future r.T.r.no':: ce.
The _etection system is a difficult and ex_ensi_e part of _me monos'.atic
pulse_ system. The exZremely f_st varying signal _.usZ be measured _recisely
,with a time resolution o.f a few nanoseconds; just maintaining a _ulse shaoe
in the electronics a_ these speeds is a c_mblex 'Jnder_.akimg. The best solution
_l...ron,c_o a minimum and ".bus use fas_ _hotomu_ti_liers .withis Zo reduce the : :_" _ "
large gains (these ,may have long delay times bu_ are designed _.o avoid -he s_read
a., •
and ji:ter in .n_s _elay) _.nd then, _fter minimum amolifica_ion, we digi_.ze
and slow down ".me _ulse _y "_°..,,_se of a TeK_.r_nic _r:.nsien: digi'izer,.nicn
can _igiZize signals of m'/ol: r_.nge az nanosecond speed. TT_is mowever re_resen's
a large expense (a_Gut _,_GO per ".ransient di_i_.izer), and we .will need 3 digizizers
(one per .:hanne]) _nd a soecia] control commuter. %or _.es'.img._ur_cses, _ z,-,ea.-er
system without con'inuous c.e_.h informa'ion c3uI_ ._r_oaoi.z _.e rlzce_ 'Jo Crcm s,ncr'.
_er'.ure samo_eS _nd _o_s. Ti_.ismay be _ me_cd _:" _eas_r_g -me :ua:i'.y _g ".:.e
_no.'.cmul'i_!iers_iZhouz "_e exoense of a fu_7 reccr_!ng S'yste,,m,.
7-S
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E. Data Processing
For reasons of convenience, we will record the data in a minicomputer,
which allows great flexibility in subsequent processing of the data. However,
a relatively simple linear algorithm such as Shown below will be sufficient for
the prototype:
The intensity in the three c_annels described in Section C of this chamfer
are assigned the notation Ii, 12, !3 in the following way:
Zl is the channel that increases most with an increase of
Tyndall scattering (central channel),
12 and 13 are the channels that resoectively decrease and
and increase with an increase in the separation of the
Brillouin soaks.
Then in a large number of experiments, either simulate¢ or real, the temper-
ature TO of equality of [2 _nd [3 is determined, and a regression on data
at this temperature but at different turbidities gives the coefficients C2 and
C: of Tyndall rejection by requiring that the Quantities
!4 = 12 + 13 - C211
15 : 13 - 12 + C_I 1
_ec_me independent in first order of the turbidity.
it then becomes eas'/, for this case of assumed salinity, to find the
coefficients for the _inear expressions for temoerature and tur_idity by
further regressions:
t : C1 [i/:_
T : TO _ C3 [5/1_
This _inear _rocessirg was Jsed im the si_uiations for _he design of dif-
ferent configurations, so that the noise could be obtained b'/a _ethcd similar
76
to the square root of the signal. We also discovered at that time the
remarkable precision of such a simple computation: no noticeable error
with turbidity from .01 to I00 and drifts of less than I:C for range of
more than 2O°C.
An easy method for avoiding the error due to even this drift is to
make a table of the needed corrections as a function of the raw results;
such a correction table may already be stored in the computer memory for
the bistatic _ystem so that the direct result of an experiment will be
given immediately by the com_uter as correct temoerature.
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VII. Feasibility Criteria
A. Seaborne Bistatic System
The feasibility of the seaborne bistatic system is indicated in part
by numerous laboratory experiments to measure the speed of sound from the
Brillouin spectrum. Typically, a laser beam is directed into the liquid,
and a Fabry Perot is used to analyze the spectrum. This corresponds almost
exactly to the prooosed bistat_c system except that we will encounter field
conditions and impure water.
Since we demonstrated the overall feasibility of the Brillouin tempera-
ture remote sensing, we feel that the intensity of the return and freedom
from noise will be quite sufficient in the bistatic system. Comparing with
the detailed computation on the seaborne monosta_ic Fabry-Perot system discussed
in thi_ chapter, using a l second integration time with a 650 mW laser which
corresponds to _50 mJ instead of only lO0, and assuming that the bistatic
system could easily look at the same scattering lengths labour l meter),
we conclude that measurements up to a depth of 20 _eters should be possible
with the limited instrumentation we are contemplating. Our confidence results
in good part from our previous experience with the gabry-Perot interferometer
and high sensitivity photomultipliers. We have developed techniques for
modeling and assessing these systems. We know that if extreme sensitivity is
needed we can use photon counting; and '_ith the resulting dat_ in a c_mbuter,
many processings _nd time integration schemes may easi]y be tested.
Ezen without searching at this time for the exact capabilities of a
working bistatic system, we will need the experience that sdch a si_le sysZem
4ith flexible design only can bring. It not only is the simplest _md _ost
direct _emonstration _3fthe pr_nci31e of the 3rilloui_ ze_cer_ture ,e_eLe
sensing, but also offer _ similarlj simoIe an_ _irect _ethod 3f crocking the
\ r
whole of the theory we have developed. The verification can start with a
situation very close to the normal laboratory Brillouin experiment, and then
be varied continuously up to a practical remote sensing situation in
biologically active water with normal turbidity at a depth around lO meters.
B. Seaborne Monostatic S.ystem
This system was completely modeled in a computer program on the Nova
800. The expressions relevant to the simple system: laser, scaztering,
collection lens and Fabry-Perot were taken from chapter V and 71 of this
report and programmed in Basic. A printout of the program is given in
Appendix B. The results appear as the typical computer run _hown in
Tables VII.l and 2. After a series of questions and answers about the kind
of instrument to be modeled, the ccmputer determines the best coefficients
of the _rccessing on :he data, and thereafter, for each temperature, salinity,
turbidity and depth, the program computes the expected signal of each channel
in number of photons. These channels responses are processed to obtain the
temperature and turbidity, and their root mean square variance.
The most interesting results of this study are expressed in Fig. Vii.It
Temperature precision in degree centigrade (3c) compared :3 ;aser wave-
length for different depth, and Fig. VII.2: Turbidity _recision in _er
cents (Ic) compared _o laser wavelengths for di _,,er_n_=" de_i_s. The
orogram was also used _o _i_e numerical answers _o two i_oortant _ues:ions
on the system: The influence of the turbidity on the _easure_ent, and the
effect of an error in salinity. The most noticeable effect of turbidity was
on the grecision in _emperature, and is shcwn in Fig. '/[_.3, as _ f'_ncCion of
_he finesse of the Fabry-Perot. [: is however _ very encouraging sign :ha:
_his effect begins to _uoear in relatively _ir%7 ,a_er: A tur_iJi_y _? _]
corresponds :o ha!f transmission length of oniy 52 cm. _s _een i_ =if. 'i1_.1,
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\the effect of an error of one part per thousand in salinity corresponds to a
drift of 0.6 :C.
These computations give us full confidence in the practicability of a
seaborne monostatic system, but there is no doubt that utmost care ,will have
_0to be exercised in _h. design of the detection and recording system. Fortunately,
fast light pulse detection has been the subject of many t_<hnological studies,
and our requirements for a monostatic system are within commercial specifications.
C. The Airborne _onostatic
The feasibility of the airborne system _as demonstrated in t_e _IASA re_ort Z
CR-139184, .January 1975, and the computations made so far nave on],y increased
our confidence in those computations. Since then, we have improved the design
of the airborne system by the proposed ,Jse of a douoie _acn-Zehnder interferometer,
t_ereby increasing the luminosity by a factor of more than _hre. and avoiding
troublesome sea surface efCects.
0. Extraneo._us Light Noise
In a chapter on feasibility, it is adequate to discuss the Droblem of t_e
possibility of errcr arising from exzr_neous signals in the photomu_ti_lier.
All our comDutatic.ns, ind-,cate ,that with suitable in' *:_:_enc_o filters, there
is no extraneous light p_blem _n a _onosta_ic Brillo_in _:__mo.r_o:r'.jr'__ remote
sensor because t_e scattere_ _i-'.:n . is distributed in _n ..<......el/. sma]" saec.rak
and tem_or_! resolution. Actually, even _.ssuming t_at t_e se_ sJr_!ce senJs
all the .eflected sunlight possi_le into the instrument, a Fabry-Perot working
' - r_._.ves jnlat spectr_l reso,ution 0.32 A and te_p_,'a! resol,JtlCn of : nS, =_
of signal.
=-6
\Vlll. Bistatic Sxstem
The next phase will be to prove directly that the Brillouin scattering
method can be used in a practical way to measure temDeratGres outside the
laboratory. A laser will be mounted on a barge or dock and its beam will
_robe the water to a distance depending on the water clarity at the site
available.
In detail the bistatic system will consist of a platform which will
initially be a dock, and ultimately, if possible, a ship, upon which is
mounted the technical equipment. The instrument is shown in Figure V_.!
and consists oF a laser system and a receiving system.
The laser system will consist of an RCA-LD 2101 Argon Ion Laser {or
equal) complete with power supply. There will also be a mirror system
with a flat under-water 'window to guide the laser beam into the 'water.
Adjustments for aiming the laser beam will be _rovided.
The receiving system will include a second mirror system with lens and
under-water window to collect the scattered light from the sea. We have
availabie for comparison a 9"x24" plastic Fresnel lens, a 6" achromat, and
a I0" apochromat). An ootical train must be built to carry the light to
the Fabry-Perot interferometer. The interferom_ter itself, which is already
in the laboratory, must be adjusted and mounted. A trijle mirror {"Fafnir"
in Fig. VI.6) divides the s_ectrum in=o three E._._. mode3 $5_BB photo-
multipliers, as shown _!so in Fig. V_.5. The_e pho_omultipliers _s we_
as their power supplies are already in our labor_tory, but t_ey must be
mounted in place.
The signals from _he _no_otubes will be _mpl!fie_ by :nree _o_el I]2_
Teledyne _hii_rick =_T o_era:iona! a_li=:ers, and =heir out:ut :e¢ =_rouc_
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3 cna_els of an 3-channel data acqulsition "Hybrid Systems model 0AS400"
into a Nova 800 computer. The amplifiers, 8 channel s/stem, and computer
are already in our laboratory.
The raw data will be available in a magnetic tape ,Jump, but the 12
kiloword memory of the computer will allow quite complex processing in
real time and the resulting temperatures and turbidities will be available
on an ASR33 Teletype, also in our laboratory.
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IX. Implementatior_ Plan.
A. Bistatic Experiment.
Although the ultimate airborne s,/stemwill be monostatic, with essentially
parallel laser and scattered-light beams, the next phase of this work will be
bistatic (see flow chart, Fig. IX.ll, with separated senaing and receiving
locations. The reasons for using this intermediate stem are twofold:
l) The budget for the period March l, 1976 - February 28, 1977 was cut
from the requested level of about $100,000 to $50,000. This meant that the
amount to be spent had to be greatly reduced, and that the experiment will be
based on materials already on hand or borrowed, or on surplus equipment.
Accordingly, we plan to use a continuous argon-ion laser borrowed from the
Navy, and electronics already in our Laboratory. This necessitates a bistatic
system.
2) It is probable that even without the budget cut, we would have initially
used a bistatic method. This is because it is simpler in execution than the
monostatic system. Temperature and turbidity _nformation at depth have never
been obtained by laser beams in the cpen, and it is best to _egin with the
simplest possible configuration. The vital thing is the demonstration that
practical laser beams in the sea can indeed generate the Brillouin, Raman,
and Tyndall scattering in intensities sufficient to be useful.
This can be demonstrated as well with the _istatic experiment mlanned
for the next phase as with the considerably _ore comDlicated _onoszatic me_hod.
The development of the systems through bistatic, seaborne mon_static, and
airborne is shown schematically in Figure IX.2.
B. How the Monostatic _ethod _evelco; =_om the Bi _ "_S ._ ,.,C.
For airborne measurements the effecz of the sea surface cac _e minimized
by .Jtilizing the same ootical path for downgoing and Jecomi_g bea_s. This _e_ns
.
.ha_ ti_e of flight, rather than the angie, is used #cr deotm _n-or=a:ion 3i_ce
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\one location is used for projecting the downgoing beam and receiving the
upcoming beam, this is called a monostatic system.
The physical principle, however, with the exception of the de_th
measurement, is exactly the same with the monostatic as with the bistatic
method. Brillouin scattering is used for obtaining the speed of sound in
exactly the same way. A combination of Tyndall and Brillouin s_at_r,ng is
used to obtain the turbidity, and finally the Raman scattering is used in
the same _ay to measure the salinity. Only the dept_measurements digfer,
angles being used wi_h the bistatic sys_.m and time _ates being _Jsed _i_h the
monostatic method. Since t_e principle of the ex_erimen_ is almost idenzic_ _,
,s_a.lc orogr_mthe monostatic seaborne program follows ]ogicall,/ from the b_ " -'
and Qreoares directly for the airborne work to fol!cw.
There will mowever :_e eauioment changes as explained above. Si_ :
meptn information is to be obtained by the time delay between zze dcwngoing
laser and returning scat.er.d light a pulsed laser or a modulator for t_e
laser beam _ill be necessary. A fast electronic receiving and recording
system will also be necessary. All these comoonents are now available from
commercial establishments. Pulsed lasers and _odulators have long been in
use, (in fact a _ulsed ruby. was the first ooeratina. . i_ser ma_e) _nd _:_:,_..n_,v
"=_tronix_.. _ncor_orated has _rought Out a sui_a_;e ...... _r r_.ord:_.._vs_em.
C. How the Ai _.or-,e.S/stem Oeveloos.. _rcm :me "enos -='_-.......... c_rme 3_stem, .
The basic requirements of an airborne system are _ecuate _cwer, ccmmactness,
lightness, and =_ ty ....r_,iabili In principle, tme system is iJ_nti_1 _it_ tme sea-
_o,'me monos_atic s}stem. Therefore, our experience _it_ the seaborme system
should mrovi_e crucia! information _a the :hoice of ::mmonents :_r the _irmorme
we _ro_aD1/ _iII have to :usZcm-desi_n tme power sumoly secziam_ _ ;me
-<
apparatus. The laser itself, together with the receiving and recording
electronics, will probably be identical with or only slightly modified
from the sea-borne system.
0. Design Differences Between Staeq_es_
The design changes through each stage are shown in Figure IX.3, and
the following discussion refers to that figure.
l) The basic method Cexcept depth measurement) is the same throughout.
2) The dispersive element for thz First and second stages is planned to
be the Fabry-Perot. This is because a suitable Fabry-Perot interferometer
i_ already in operation in our Laboratory and has been used successfully
in preliminary experiments on the BriIIouin effect itself. As explained
elsewhere in this report, however, a tandem Mach-Zehnder is the ideal instru-
ment for the monostatic airborne phase, and it will, therefore, be used at that
point in the program.
3) The optical system will be somcwhat dlfferent in each phase. In the
bistatic configuration, the projecting and collecting optical systems are
separated by the baseline distance. There must also be a means for changing
the angle between the two beams. The two monostatic configurations will be
almost identical with colinear beams, but because of the more stringent
space and weight requirements in the airborne phase, there will probably be
some redesign called for at that point.
4) The bistatic detector will be a standard high-sensitive photomu!tiplier,
such as we have already in our Laboratory, since the bistatic signals will be
low-frequency in nature. For the two monostatic phases of the work, a high
speed photomultiplier and associated electronics will be used.
5) The power supply for the bistatic phase will be the unit already in our
Laboratory,which was delivered with the RCA argon-ion laser. In the two
later stages, power supplies for the pulsed laser will be necessary. Although
the same laser is planned for both of the monostatic phases, the space and
g4
"T-
Z
Ira,, ,_
Zc._
0
im,.,
Imc_
I
I
I
9= i
J
I
I
I
I
I
I
I
I
l
I
I
I
I
I
I
I
¢J
°.m
cJ
0..
I
I
m
9= m
A
r_ P"
0
°qm
g5
X
vweight requirements of the airplane will probablX necessitate a special
version of the pulsed laser power supply.
6) The recording system for the bistatic phase is alreadX in the
Laboratory. Since time resolution is not used to measure the depth, the
system is essentially d.c., and the problem is easily solved. In the two
monostatic cases, a very fast recording system is necessary. As mentioned
above, at least one commercially available unit CTectronix} is available
and suitable, and it will operate both for the seaborne and airborne phases.
7) For the bistatic phase, our plan is to use the RCA two-watt argon ion
laser already in our Laboratory. As discussed elsewhere, a pulsed _r modulated
laser will be necessary for the two monostatic phases. We plan to use the
same laser for both the seaborne and airborne monostatic phases to cut down
expense.
E. Cost and Time Estimate of _ach Phase.
Because of the'continuous development of the state of the art, egpecially
in the areas of powerful pulsed laser and data handling equipment, our
estimates for Experimental Phases I! and Ill (monostatic, seaborne and _ir-
borne) are considerably less certain than for the first Experimental Stage.
However, it is possible to make rough estimates of the cost of principal
subsystems. These are listed in Table IX.l and Table !_.2 below.
The time for each phase is now estimated to be one year. See Tables
IX.3 and IX.4.
g6
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TABLE IX.I
TABLE OF VALUE OF COMPONENTS
B!STATIC SYSTEM
Approximate
Source Value
Laser System
Window and Lens System
Fabry Perot lO0 mm
3 EMI 9558B Photomultipliers
and Power Supplies
Operational Amplifier
Teledyne Model I025
and Power supplies
Data Acquisition System
Hybrid DAS400
Nova 800 Minicomputer
with 12 K Memory
Teletype ASR 33
Magnetic Tape Dump
Trailer for Site
Power cables and
connection for site
Loan from NASA $16,000
To be purchased and 1,000
constructed
Laboratory 6,000
Laboratory 3,000
Laboratory 1,000
Laboratory 500
Laboratory 8,000
Laboratory 2,000
Laboratory 2,000
To be converted from '2,000
surplus
To be purchased and built 1,500
Total 43,000
of which 38,500
is already on hand
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TABLE IX.2
COST BREAKDOWN (APPROXIMATE) OF ENTIRE PROJECT.
I. Experimental Phase I March ]976-February 1977
Salaries, Benefits and Indirect Costs
Supplies, Equipment, Reproduction,
Computing and Related Items
Travel and Site Expenses
36,000
7,800
6,200
TOTAL
If. Experimental Phase II May 1977-April Ig78
Salaries, Benefits and Indirect Costs
Supplies, Equipment, Reproduction,
Computing and Related Items
Travel and Site Expenses
TOTAL
E_perimental Phase Ill May 197B-April ]979
Salaries, Benefits and Indirect Costs
Supplies, Equipment, Reproduction,
Computing and Related Items
Travel and Site Expenses
TOTAL
$50,000
60,000
30,000
lO,O00
$ I00,000
80,000
60,000
I0,000
$ 150,000
TOTAL FOR THE THREE PHASES $300,000
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X. Summary and Conclusion
A. How the Parameters Are to Be Measured.
As detailed in the Report above, the oceanographic parameters to be
measured are sound, velocity, turbidity, temperature and salinity, all as a
function of depth. The measurement principles are shown in Table X.I for
each phase of the Experimental Program. Note that as far as the princiAles
are concerned, there is no difference between the phases except that the
depth measurement in Experimental Phases [I and Ill is by time of flight while
in Phase I it is by trigonometry.
Of course as we move from bistatic to monostatic seaborne to airborne,
the requirements on equipment that must be used become more and more stringent
in weight, space, a#d reliability. This means that the components
are continually increasing in sophistication as we proceed through the
phases.
B. Criteria for Determining Feasibility and Acceotabilitz.
In any program where something is to be measured, the accuracy of the
resulting measurement is a primary goal. Accuracy of measurement of the various
parameters in the program is therefore a criterion for feasibility. In the
feasibility study, we found that according to our calculations,the accuracy
expected from these methods depends on the length of time of the observations,
the depth of the observations, and the clarit_ of the water. The accuracy
also depends on the design of the equipment to be used, and we concluded that
practicable equipment could be assembled which would give useful information.
In order to prove feasibility we should show that the laser probe method
is superior to other methods for determining the parameters in shallow seas.
This superiority is expected to show itself in the much _rea_er speed with
which the observations can be accomplished, as described in the Introduc:ion
to this Report. If temperature measurements at de_th can be made by laser
scattering from • ship or airplane, a very large fmorovemen_ in _nfor_.ation
]Of
",,L f
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tgathering capability will have been provided. The accuracy at a single point
cannot match the thermometer method, since thermometers can measure to a
small fraction of a degree, but in the study of the ocean, it is the measure-
ment of temperature gradierts that is important, and here the laser method
can disclose information that the point-by-point thermometric methods would
not obtain, either by providing too coarse a grid or simply by taking too
long for each observation. Therefore the criterion for acceptance is whether
or not useful data can be gathered by our method that would not have been
obtained by the classical methods.
C. Proof that Raman and Brillouin Scattering Can Be _easured Remotely.
Of course, the best proof is the actual carrying out of the program.
This we hope and plan to do. In the meantime we must base our judgments on
the best information available. These are listed below:
I.
The Theory of Brillouin Scattering is o_e of the best examples of the
application of the principles of physics. It is described in d_tail in Chapter
II of the Detailed Technical Report of our Feasibility Study, NASA CR-139184
dated January lg75, and is developed in Chapter V of this report. This theory
has been checked experimentally in many laboratories over a period of almost
forty years and has been found correct within exp(,rimental error. We have
made laboratory studies of our own described in the foregoi_g report
which agree with the theory in every way. The theoretical material relating
to the optical part of the plan is also beyond question. Our own experience
with similar methods (see the publication lists in the Aopendix to this
Report) have provided very high confidence in our predictions.
As we have stated in the body of this report, the calculations we have _ade
borne out by our experiments in the Laboratory, show that field measurements
of the oceanic parameters can be made.
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2. Experiments by Others
Many of the elements that make up our Program have been performed in the
field by other groups, for various purposes, greatly adding to our confidence
that all of these measurements can be accomplished together.
a) Depth measurements have been made routinely from aircraft by laser.
Jus_ as in our system, a low-flying airplane was used7, as a platform for a
pulsed laser firing vertically downward. Light scattered from the bottom
was received back in the airplane and the time difference used to measure
depths. Accuracies of at least .5 meter were considered routine, and most
important, the state of the sea (providing that the c_nditions were reasonable)
seemed to have minimal effect on the accuracy of the observations or the
intensity of the back-scattered light.
b) Raman spectra have been used to measure impurities Coil spills) on
the sea surface by a laser probe from an airplane. 7 Here again, the fact
that Raman scattering, which is of the same order of intensfty as the Bril-
louin spectrum w_ plan to use, can be observed from an aircraft is very
encouraging indeed.
c) Brillouin scattering has been used routinely in the laboratory for
the measurement of sound speed in liquids. Here again, the fact that it has
been found desirable to use this method is an indication of its practicability
that argues well for the success of the program.
3. Conclusion
Thus, our conclusion is based both on theory and experiment, and nothing
we have learned has decreased our confidence in the program. In fact, as each
no,,result has been obtained, our expectation of success has increased.
O. A Brief Description of the Followin_ Phases of. the Pro_r3m.
I, The next phase will be to brove directly that the Brillouin scattering
,nethod can be used in a practical way to measure temperatures outside the
10a
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laboratory. A laser wiil be mounted on a barge or dock and its beam will
probe the water to a distance depending on the water clarity at the site.
Because of fund limitations, this may be in the ;_iamiarea initially.
Scattered light will be received at a nearby location amd the Bri_Iouin
spectrum _nalyzed _s function of distance. This is the bistatic experiment
described in detail in the body of the Report. Success here will prove that
the method is practicable in the field.
2. T_e following phase will employ the time of fiight method of deter-
mining distance, which is the method that will be used in the final,
airborne phase. The results of the preceding step will be used he_e, bus
now the laser is to be pulsed in order to provide time date. Recording
instrumentation for this purpose must be added at this point.
3. The final stage i_ airborne, as described in the body of the Report
(see Figure 1.6). Here, the space and weight requirements of an aircraft
will necessitate a certain amount of redesign. Also, the equipment will be
partially automated, and special care will be concentrated on questions of
reliability.
4. At each stage, reports and visits will be used to insure clGse
cooperation betweer the Lamoratory and NASA. A flow plan for the entire
project i9 shown in Figure X.2.
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APPENDIX B
PROGRAM FOR SEABORNE MONOSTATIC SYSTE_
15
17
2_
21
25
26
27
3_
32
33
35
36
3T
38
39
_8
_L
42
_3
45
_6
50
55
5T
6_
61
62
63
64
65
5T
68
69
?3
?l
72
?5
85
95
97
98
99
L_e
laL
LL_
PRINT
tNPUT"
PR .rNT
P R !NT
PR tNT"
INPUT
"O SSERVAT I0 N • I'_ .I,GI'-iT., PUP I.L
c'%FT I.C IF.NCY.,ANGI, LT."
R,,A_. IZl _;K2.,T 2
ARKA..SKA $UR/'ACT., FACTOP.,,";
LET li=I,;l_'H "
P R INT"
PRINT "S ,_NGL3. F.P.
LKT =,t =L
;.N'PUT F'I .,F2.,N2
PR INT
PRINT "AS SLIP*_
INPUT S
PRINT
L.7.T T =25
GOSUB _
GOSUB 86'_0
GO SUB 8700
GOSUB 8_}
PRINT "$H_FT AT
O ;M mC5 ]
PRINT "GIVE THE
INSTRL; M_NT .G IVF.
SALLNZTY OF WATER"
25 C I$ :,"HI
C _a, NNE L L ,_H/.T S
_'SR, F INKSSE_DA_ ZNG TIP.F_"
°
( 8 W_VENU P.BKRS ) "
£NPUT BC"3],BCI]_BC2].,BC3_I,_C4]_,BCSI
Xt:6 ],Y[61
K3 =6E"l I _'L'P 1 =KI =K2=A=N2/72
A3= COS (l.74533E-2-T2)
A4 =3"(I *A3 "A3 )I_4
A3 =3='( l 3 +A3'=A3)/40
WS=W7 :,-F l / F2
A5 =l ,3_=t '_ _"( - ._.5 "T2 ) " .3 =1, (1 t ( -. _ 25 =T2) ",'. ,B__33 =_ (1_"¢T2/I, _=_ )
GOT0 130
LAB.GF..R ThAN 50 C''_
$,%ALd.ZR TP_ 3C"
PRINT
DIM
LET
L.aT
LET
LET
LET
LET
fi0SUB 790_ ....
LET K3=K3"FI/BC5 ]
L.T.T P2= L
LET A5 =;_5/ _ _3
LET TS= ;3"
FOR T= a T3 _3
GO SUB a_@_
_T (12'"13) ¢" @
NF..X_ T
PRINT "-PD.0R: T3
GOT3 _8
PRINT "KRRatR- T3
G{_TO _2
IP T'3 C.3T_ 9_
'L2.T ;5=_3"_2
L£7 ".6=f_
3-"
Z3g
L_5
L5;5
152
L56
15T
L58
159
165
L T_
L T5
I 5E
L8.5
9_
19L
L92
3a8
3L_
_L5
3_'r
3 2;}
322
3 25
32"/
33_
3_L
3:)2
333
334
336
33"t
345
347
35_
355
365
:66
_6T
I.._T C2-(I2-.I3-I4)/_1
LF..T C4-( t5.,,.I2-_3)2 I1
L.ZT C1,,(T6_,I4)2 !1" "
L.F.T T6"" 3
F0R T,,I"TO 3 STV.P -.t
_F (13-12_G4'_11)_ 1 a GOTO
NE,,_CFT" " "
FOR T=T TO 6_ STY--_ ,;_L
_F (I_-I2÷C._-I_)>,, g GOT0
NEXT T ....
I.£,T T_-T
L.F.TC5=C1_'I1/(I2_I3-C2"I1)
L_T T=Ta+L_ .....
t55
L59
_AL IN ZTY, TU.=.BZD IT'r,DEPTH.'"
L.:.-T C3=L3_'(;3_'12-C2=;_ )/ (I3-12_'C4_'1_)
PRINT "Th._ PRQC'-35 ;NQ ;5":" " "
PRINT *L3T=";Ct;"I_/ (I_-;C_-_";C2.;"1L)-";C5
PRINT "T=";T;_;",-njC3_; ''(_3--I_-'';C/;_-''I),_/(Z2_-13-'';C2;''I1)'"
PRZNT .....................
PR INT
PRINT
H_PUT
"fiIV': ACTUAL V_LUE5 GF TE,'_-
T*5,TS,P2
L._.T P2=I 3g-P2
PR Z.VT
PR INT
Lg.T 1A=' i2 + _3-C2'_I_
L.F.T ;5 = I_ - I2+C4- ;1
LF.T N4--'5_P. CZ2÷_3"_C2-C2_,¢_)
LF.T NS" SQR "¢!2k-!3_-C4-C4-I1 )
L._T TT=CI_,IL_"_4-CS
L_T TS"CL" $_R (11)/_:_,
L._T TB:i3g*, 5_R" CTS_'T_"TS_'Tg)/TT
L._T T9=I 3g " (T5 _'Tg)/TT
L_.T T_=C3-NS/ I4,
L_.T TS-C3-;5;'N4/(I:4".rq)
LZ.T T3" 5_R (T_'T_TS,_T5)
L_.T T5 =T_T5
L_.T T_'T3
I._T T3-T2",'C_-IS/ I_
L._T P3"Iq-9896-i:N_÷N2)/_J
PRINT "T;C _NSTRV_"_NT _IVF.5'"
PRINT nC;'I_NNEL'5 ._;GNAL._ C}F", ;I • ;2_ 13
PRINT "VI_-: T--._oK._,_TU.:_. _F";T3,";NST-._-_ OF"+T
PRINT "'_,T;-_ A 3.MS BET_;E--_";T,_;"_D",TS;"C""
PRI,'_ "AND ,_ TURBIDZTY 0_"".,T?;"INSTF._D-CF",T5
PRINT "V:TH. A R,H_ _TVF.--N";T_$"AND"_Tg;"¢""
PRINT "A_ AN :.'_P---C_$;QN'IN 3_PTh-0F";.o3,_"C_ ''
PRINT ....
()t" ._",){_i{qI! ,_t !_t
.....T .............!.....
368 PRINT
369 PRINT
37g GOT0 3e_
4g t 3 GQSUB _4gg
4g15 GOSUB S6_lg
422g GOSUB 573;3
4S25 GOSUB 59@0
4;}3Z GOSUB 9Z@;_
aS35 GOSUB 9LZZ
4_'4Z (_0 $_'B 92_S
z;045 G0SUB 93;_;]
05a fi0SUB 80e;]
4_55 FOR _= _ TO 2.
496;} LET XC¢_• ;)
4@65 FOP. _T2=,BC2=4_] TO BC_.._,_I*L_ ST;'.= ,3@_
4@7_ GQSUB 95Zff
4@75 LKT Xr_._=X_&]_-,;];]i-JJ5
4;]8;] NEXT UP..
4 Z 85 NEXT
4@95 LaT :Z=_=×CL ]
al_g LET _3 =K4*XC2I
4,1@2 PF.INT ....;
4 1;]5 RETURN'-
75_ LET C9:_4-18E"7
75_5 LET :"9=L
7Sift LET U=._8
75L5 LET K=Sg2_
752_ LET G=._2
75P.2 LET D"._g 15
75 2.5 .':LKTURN
79g_ LET AT=-.Z_4 -8.6E-L g _, (L-455 _ ) = ¢L-455 _ )
T9[@ RETURN .........
8;_;]_ LET T].=T+273 •_6
8;_(_5 LET R6"N*T_=DLI (L=L)
$;]IZ LET RS=R6=P.6=4.S6564F._-I$/ ¢R@=C9)
S_I5 LET B6"(._;)'cg=o2-D!aAI'T_D'N/ ¢L=L)
8Zag L2.T B6=B6=B6",,4.SE)564_.._'t$=TL/_<Cg=R_]=BI-AZ=aI,TL_aR_=Cg)
.... . .8_25 LET S6=N-O3/<L=LJ
_3a3_ LET 36"$6 -S$ _'5.4 9K _'I3 =S/79
8@35 LET A6"I @-U= CRS*B6 ÷$6 )/(5-7"U )
8Z4Z LET A2"4Z94.,7*N- SIN ¢8".Tr'66E-3=T2)/L
8_45 LET ';;_:'WS*K*_2=A2/ @,R_C_)
8;]5@ LET ';t =WS_'G=a2=A22"<2'=P.3 )
_55 LET W2"W6*D =_,2 =a2"
S_16_ LET '4'3 =_i'S '" • ,3 t 53 Z =T l
8_65 LET _L = _ .6 :P.9_.4E-_ =U =A2
5;573 RETrJKN
84_g KEM 3PE_.D 0F SOUND(',') ;N 5KA_'AT-.K._. AS V(S,T,P)
_42g LET _'4-1402.3 _ "
"X
'!
........-7 ................ t- ..........
/ /
/
S425
5zt:30
84,35
84._0
8445
845_
S455
846_
8465
847_
8475
8480
S4 85
849_
_495
85_0
_5_5
85 1_
S5 t5
55!.T
S5 2g
86_
862_
_625
863_
B6L_5
864_
872_
8725
873_
8732
8735
8 8e_
_8_ L
880g.
88_5
_815
_820
3 (]25
_83e
8835
SSaa
S_5
8 85_
8855
B86_
89_
_9g5
89La
891, 2.
r..-T
L_T
LET
L_T
L_T
L_T
LET
LZT
LET
L._T
LZT
L_T
I.J.T
L_T
LIT
L._T
L._T
L_T
L_T
LET
V5=(5 .at L_39)'T
V5 "'45 _"(5 -5_ 9Z_TE -2 ) "T ",T
V5 =U'5 _"'( 2,, 21536EI-x._, ) iT '_T *T
V6" (_ -_2952 ) _S " (], _lee )
V7" ( • 1.5"_fl5 9 )'_P/ (9.81E÷6)'"
VT"UT_'( (2.44999E-5)-P-P/ ¢9.81E_'6 t_.) )
VT"VT-'('C 8. 833 9_.--='-9)'_P-P;_PI'(9 •8rE.÷6 t3 ))
V 8=- (,_. _,_.7563E.-2 ) :-T -S * (l _leG )
V 8"VB_"( (6 -35 L9_-3 ) _T_P/ C9-8].F._'6 ))
VB=VB_,'('(2"i65485F.'-'B),T=T;_P=P/ (9.BI,T.*6 t2) )
V 8=V B'-'('(l *5 93_gE-6 )_,T*P'_P/ (9".'81E*6 _'2 ))
Y 8=V8_-'('(5. 22]. L6E;L e ),,T-P-P;_P7 (9.81E+6 t3 ) )
VB=VS-'('(_'.j 8_3 tE-'_ )',T_,T-T-P/ _,9._1E_'6 ))
VB=VB-%'(L .6 _674Z.'-9)-S-S-P-P2 %981 a t2) )
VB=V 8_"('(9o6 _J-te,3E,',_)-T -T "5 = ([._0G ) )
V 8=V 8÷'("(4. _5 _4_.-6 .' "'r*S *S *P2 ( 9 • _I ) )
V _=V 8-'('(3 .4fl5 97--_ )_T-S-P/-(98_ a ) )
V=V4 +V5 :_V_ _-V7 *V S ....
V=V*-(t3e )
?LEH DENS I.T'YC5 ,T,P )--R_} C.S_T,P )
L,_,T Re,,((2.996F.*9_-P )/(_. 9_,_Z.+9_-L .3"t_6_.-6 )) e.I.368
I._T Re ='R2-- 99997_ = -999875
L2.r ,=Lg=Re/ CL-(6-42.TK-5 )_T÷(B-5_5_F..-6)_'T_T-(5.79E.-8)-T'T*T)
RETURN .....................
EH INDEXCS,T,P• L)--N (5,T,P, L)
L_T N'L_'L_'._242"}'/ (L,L-%gs2;68_2))
LET N-N'_'(._Gg_fill )-(2e_-'.e6s_T )-S
L.V.T N"N_"(,'R_r-gv2)_'-'K,"<I_ ((-7._9E"3_-T)
I.,_,TNIN÷_ .......
RETURN
R_M DE.R_V_T_VF. SUBROUT L_
_H NF-_D5 X{t-5) AND Y{t-5)
RKH SLOPE. R_TURNKD A5 :_9"
L.3,T Q3= 'a
L2.T Q4" a
L._T _%5-" 3
L3.T _6= a
FOR _=t TO 5
LF..T Q/4,,_4 ÷Y E_%l
NEXT
L2.T _.9"(5"_5-'_3_4)/ (5=q6-Q3"4_l)
.'_ZT'j.RN .....
.R_M EVALUATE5 D3"(DN/DS) AT CONSTANT T,P
L_T Yr. Z3=N
LET XC e2=S
L3.T XE8 ]"Re
ORIGINAL PAGE IS
OF POOR QUALITY 3-d.
t"x
t
(
i
_9L5
S 92¢
S9aS
89_¢
_93S
8 94_
B 995
895 la
_955
896_
8965
8990
90_5
9_12.
9_15
992_
9_22
9_25
9_3_
9_35
904_
9_45
90S3
9_$5
9_8
9_65
9f19_
91. Z0
9LiJ5
9_L_
91L2
9L_5
9L2_3
9L22
91 25
9t_
9t35
9L4_
91_5
9L5_
91,55
9t6_
9t65
9L9_
9:a_ao
9_5
9_2
9215
922_
FOR Q"L TO 5
LIT S"Xi: 3]÷(_-3)'_(._g2)
GQSUB _7_
L:."T X_g]-S
L2.T Y_:_ ] aN
N_XT
G0 SUB B6_a_a
LET DS--_ 9
LKT NaY_ @ ]
LIT S_,X_ g_
LXT RZ,,X_6
P.KTUP,N
hEM
L_.T Y C al"g
L2.T XC a]"P
L/.T X_6]mRS
FOR _=I TO S
GOSUB _6ta_ .......
GOSUB S7Z_
L2,T X(_ ]"P
L2.T Yea ._=_
NEXT
GO SUB _8_
LI.T Dg_,e_9
L2.T N:,,v_ Z]
LET P_'X& a]
LI.T RO-- X_ 6
P_.TURN
LET YC 3_fl
LIT X_ 3]--T
L.V.T X_5 ] "P_
FOR _=L TO S
IET T'X_ _]_'C_-3)"CL)
GOSU_ _6@_ ......
GOSUB _73_
NEXT Q
GQSUB S_0
L.F.T DL=Q9
L2.T N-YC 3]
LET T=XC 2 ]
L2.T P,O"X_.6 ]
RETURN
REM KVAL22aTES AL =-(DR2/DT )/P._
LET YC Z_"R3 "'"
LET X_ 3:aT
FOP, _.=_ T0 5
L._.T"T" X [ 3 ]_'Cl-_ )_'<i )
KVALL_ATES DR-CDN/DP) AT CONSTANT T,S
°. .
S.VAI/2ATEZ DI."<DN/DT) AT CONSTANT P,S
..
r-<
9225
9230
9235
9240
92=5
925_1
9255
9260
929_
900@
9305
931_1
9315
932@
9325
9330
9335
9340
9345
935 0
9355
936_
9390
940g
9405
941 g
94L5
942@
943_
94/4_1
9z_5_]
950@
9505
951.3
95[5
9520
9525
953_
9999
G05UB 86_ .....
I..T.T"XCQI=T
LET Y :Q,.I"R2
NEXT &
GO SUB 8 _](_
LZT At =-_9/R.g
L3.T R0=Y[ _.
LET T=X_ g_
,:_TU F-N
.R.E_ EVALUATE3
L,7.T XC _=P
F0R _.=I, TO 5
LET P=X_ 3]'(Q,-3)=(IE+6)
GOSUB _0 ...........
LET XI:_ .;=P
L.T.T YE_ =K2
N,EXT &
GOomJB 8_0g
LI,T B I=C_9/?_
L.ET P=xr ._:r
.'4.F..TU._LN
al = (DRZIDP)IR0
K,F.H CAL_TJLATES INTENS !TY CV i )
L2.T VL=(W_ =W_ )÷(4,_(V2-W_i )A(V2-Hf ) )'"
L2.T V3='('W1 =W]. )_"C4='(V24"HI ) ='(V2+Hi ) )
IET Vi =B6-WI =( (I'IVi)_"(IIV33")/_.
'--V.TVI.=VL+<S6_W22 <W2=W2=,'_,V2;_b'P.) )','<R.5-V@/<W@ =W_-,'_=V2=V2) )
LET V3 =A6 iV31 (V3 ;,73 -4 -q2-V2..) ....
L/.T VL=VL ",_,4:"Q'3*A3"TS'WSiAZ/ (W_iWB+4=V2=V2)
.=_TURN "'
L3.T UI,= a
FOR _%3=L TO 3
LI.T V2=LI2._:._,3 -2) "=F],.
GOSU_ 94Zg "
LET U I =U ],','VI.
NEXT (_3"
._KTURN
END

